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ABSTRACT 








The MIT~OMR electrostatic generator and b 
graph have been used to s the a distribution of 
groupe from the reaction (d,p « A thin target of Oo, 
backed by Fermvar and gold leaf, wee bombarded with 7.0-skv deuter- 
onse The ancular distributtL for formation of the round state 
and ten excited levels of CalS were observed. 








The Calli(d,p)caltS reaction was cbserved to procend predomi~ 
nantly by stripoing. The distributions have been compared with the 
predictions of the Butler stripping theory, in order to determines L ns 
the anrular momntum of the cantured neutron. 


The anrular momenta and verities for the levels of cal have 
been determined as listed belon: 





Ga level n of Spin Parity 
Oround State 3 5/2, 7/2 Odd 
rks Mev ~ ip h - 

h3 Mev 1 1 3 Oda 
1689 Mev , 1/2, 3/2 Odd 
2025 Mev 2 he 3/2 Odd 
200 Mov 0 Even 
2.5 Mev lor 2 1/2, af, S/2 - 
2.96 his ~ ~ ~ 
302) Mey 1 or 2 if2, 3/2, S/2 - 
3oh2 Mev 1 or 2 1/2, 3/2, 5/2 - 








The relative differential cross sections for formtion of the 
various levels heave also been calculated. 


The conclusions indicated that no single choice of the param 
eter ro, the interaction radius of the Butler theory, resulted in 
unique determination of (np for all the distributions encountered. 
It has been suggested that the theory of Tobocman my ive theoreti- 
cal predictions to mtch the exvrerimmtal results. 


Thesis Supervisor: W. W. Buechner 
Title: Associate Professor of Physics 
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Ie INTRODUCTION 


The High Voltage laboratory at the Massachusetts Institute of 
Technology has been investigating nuclear reactions involving caleium 
4soto7es to nrovide experimental data woon which nredictions of mrilear 
steveture my be mde. The calcium ieotoves have closed shells of 20 
protons. ‘a0 has a closed shell of neutrons; the heavier calelum 
isotopes are formed by adding mutrons to the 1f4 fo shell wmtil the 
shell is elosed at Cal®. cali? has one neutron in the If; shell. 
Kurath’ and Cdeonds and Flowers’ have mde theoretical stulies of the 
enmergy~level structure arising from configurations of tro, three, and 
four identical particles in the li. /2 shell on the basia of the j-j 
coupling shell model. The latter authors point out that a transition 
from 1-5 to j-j coupling is anticipated in the region from A = };0 to 50. 
This laboratory has made at least orelimimry investigtions of the 
energy levels of aah” ; ght cali? oali3” , Cath aah, oab®, ana 
cab? > and of the angular distributions of Call and oglt3®, 

This experiment investirates the ancular distribution of 
protons from the reeetion Cali(a,p)caliS, The cal grou! state has 
five neutrons in the If. pp shell owteide closed shells of 20 neutrons 
and 20 protons. Problems conerrning the stetes that are formed by re- 
arrangesent of the five mutrons within the If,» shell mey be treated 
the sam amilytically as the oroblem of 3 neutrons in the shell, accord- 
ing to the “hole” theory. 
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The angular distributions of protons from (d,p) reactions are 
often characterised by pronounced mxim in the forward direction. In 
order to explain these reactions without postuleting high values of 
angular momntun, the stripping crocess has been visualised. Ths 
Butler’ theory mredicts the angular distributions of oretons from 
these (d,p) reactions in term of "/,", the angular mommntum of the 
captured neutron. Butler's calculations iniicate that for L, = 0, 
the reximm of the encular distribution occurs mar 5 = 0, where 9 in 
the angle of cheorvation. As the characteristic wilu of 2, te tn 
creased, the maximum of the angular dstribution moves to larger values 
of & If the angular mmentwe and verity of the initial meleus in the 
reaction are imown, determination of L n corresponding to the formtion 
of a given level in the final mucleus also determines the parity and 
possible walues of angular momentum for that level. Oreater restric- 
tions my be placed on the poesible values of angular monmertum for the 
lewel if I = 0 for the initial moleus. 

In this experiment, the Butler theory hae been used to investi-~ 
gate the parities and anrular momnta of the crour! state an’ ten ex- 
eited levels of cad”, listed in Table I 

a sen Wy mt natn The masured valves for 
sel of t = 2/2” end u «het err £4 x9 Grea state because of 
the position of Se!° on the Schmidt diagram. This is es oredictad by 
the extrem sincle«mrticle shell model. The ®” decay has a half-life 
Of 163.5 days’ and an allowed shace on the Kurtis plot with Tay * 
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TARY I 


Excited Levels of cal! 


Oround state 
0.1" Mev 
1ek3 Mev 
1.99 Mev 
2.25 Mev 
2.0 Mev 
2.0 Mev 
2.9% ‘ev 
302, Mew 
3032 Mev 
3eh2 Mev 
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Ov255 wv", tis lends to loc ft = 5.9. If then the f- transition 
4s taken to be an alloned om, the result is not in disagreement with 
the extrem single-particle shell-mdel rredietion of £7 /p for the 
ground state of cal?, since 1 = 0 for the ground state of Cal”, the 
anguler distribution of the vretens associated with the formation of 
the ground state of Call 19 expected to be characterized by U. = 3. 
The MIT=OWR electrostatic generator and broac=-ranes mmetic 
srectrowrath have been used to study the ancular distritutions of 
proten grouns resulting from ‘euteron bomberdment of a thin gality 


wf 


| wget 
CAs) ae afewe! Dat fet _ 
: —_ 
etade baer! 0 
& Lesil 
vm ff." f @ 
soft = ~~ —— 
vet Eder ¢ wai 
yal Met € 
‘ ia 4 - — 
va) 2.5 A 
~ ~ ri ae 
val 0.8 
. oo Des . ‘ cr _. oF 
~~. . .* oat 3.8 y - —— 
ere! s ~ 72 er i. “se 
- Se ee oo —_— 
: - ~~" van Sule ar 7 oo} +> 


a = T+)" 
noittenert “0 ed melt 21 Qe? 09% an ot ehont eidt , Swan eet. 
tte dreemearmentd nt ton a2 tiger eit pom bowl. ns ad on relat et 
wld met git Yo moltether Lebae-Llets afchtcen—atynin emda exit 
ett “Sem Ye otate bree ett 520 + Teed? 6° ley we ctete heme 
td GORE oret wid ete Mata oneae thes oe te mutindbt th we Lopes 
ok + |S cul beatretoende at mt betta at “Hao oo arate trump edt 
sitwne entree bra wotorenm cliateontoels CN<TW ocT 
Wh eemabdodteterb vefrens etd boda of hems demi ved charmertipers 
MDD ate a to duenbrateed mopetuM aOR) EAbALoew eowoTy matory 








- 
—_— oF *, Sis FF 





“= 


target. The investigtion has been carried out at an enerpy of 7.0 
Mev. The proton groups associated with the ground state and the ton 
excited levels of Ca!> nave been observed at eighteen angles between 
7-1/2 and 120 degrees. 
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IT. EXPERIMENTAL PROCEDIED AND APPARATUS 


Charged rarticles emrging from the bombarded targ:t were 
deflected in the magnetic field of the svectrograph and then de- 
tected on Eastamn NTA 25), photograntiic plates. The positions of the 
tracks along the pletes termine the radii of curvature of the par 
ticles. Calibration of te various cistances alone the plates was 
made vreviously by comparison with the position of alpha~particles 
from polonium deflected by a known svectrocranhic fielde This nro- 
cedure has been described elsewhere”, The plates were read by count- 
ing the number of tracis within each half=<nillimeter section alonr 
the plates. The total length of photographic plate exposed in om 
rm is apnroximately 76 centimters. To facilitate plate reading, 
the plates were covered with thin layers of a luminun foil during 
exposure on (d,p) runs to prevent charced particles heavier than 
protons from reaching the emulsion. ‘Tetailed cescriptions of the 
MIT-ONR electrostatic cenerator and the broad-range svectrorcramh 
have been civen oleewhere >’ , 

The target used was prepared by C. i. Braems, presently at 
the University of Utrecht, while workine at this laboratory. The 
method was evaporation of CaO onto a thin film of Formvar, backed 
by gold leaf. The enriched Cal! isotope was received in the form 
of CaCO; from the U. S. Atomic ®nergy Commission, Stable Isotopes 
Division, Oak Ridge, Termessee. The calcium content was 97.99 per 
cent Cal), the impurity was mainly ca, 
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The Butler ecwrves shown in the results were constrmcted from 
nomograms prepared by C. Re Iubits and Te C. Parkinson of the Univer 
sity of Michisan!7, 
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III. UXPERIMENTAL RESULTS 


In order to determine the strone contaninants in the target, 

@ survey waco made by bombarding the target with 6~ey protons anc 
analyzing the elastically seattered mroton m»uvs for the masees of 
the senttering mmlei. The results of this survey are presented in 
Figure le A )0%—mleroconlonb exposure was used With a svectrogreth 
angle of 1°0 derrees. The peak for pold is anvrovimtely 260-lev 
wide at the bottom, thereby obacuring any contaminants of msees be- 
tween SO and 197. 

A prelimimry bomberdepnt of the target with 7-lev devterons 
was mide, vsing an exposure of 500 microcoulonbs, and a snectrogranh 
angle of 30 decrees. The resulting proton grovps were studied to 
verify the preseme of emrgy levels of cal? | as found by Ce Mt 
Braams.e An additional verification was later provided by noting that 
the energy of proton croune attributed to Cau nad the eorreet depeni~ 
ence upon os 

The mwreliminery bormbardment provided information on the inten~ 
sities of the various ca levels. This informtion was used to 
determine the exnosures required to observe the levels with rood 
atatistics. 

Experimental data for the angular distribution of cal5 were 
obtained with two bombardment exposures at each angle wo to 60 degrees, 
because of the differences in the intensities of the proton groups 
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associated with the formtion of the variow levels. A 300 <-nicro- 
coulosh exposure was wed to obtain data for Om frou corresponding 
to the ground state and to the 0.1%, 2.10, 2.96, and 3.32 Mev levels; 

a “OO—mterocoulomb exposure was used to obtain date for the groups corre- 
sporting to the 1613, 1.99, 2025, 20%), 3.2, and 32 Mev levels. All 
data obtained at angles from 70 to 120 degrees were obtained with a 500- 
micrccoulomh exposure e 

Meee 2 shows representative déta obtained with a 500malcre 
coulenb exposure. The half-widths of the peala observed in the expori- 
mont varied generally from 1.% to 300 millimters, corresponding to 
emrgy spreads of 16 to 23 bry. The mak width wes cus to a combine 
tion cf target thickmese and slit openinr. 

Necause of the presence of carbon and axygen in the target, 
som levels of Cal? cguid not be observed at certain angles aime thay 
were masied by intense proten groupe from the C/@(a,p)c8 and 
016 (4,5)02? reactions. This situation is mde clear in Mgure 2 by 
the intensity of the proton group corresponding to the formtion of 
the ground state of C45, table IT tabulates the data missing because 
of carbon and axyron reactions. 

All levels of CaS were obscured at the S~legree angle of obser- 
vation because of an intense background of protons from A1°7(a,5)4129 
reactions in the aluminum foil covering the plates. At smill angles of 
observation, the nusber of deuterons scattered into the snectrograph 
vecoms very hich. 
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TABDIF II 
Nata iMssing Heeause of Interference frm 
e22(¢ »)0? ana 0!%(4,p)0"7 Reactions 








Reaction 
wl iow «=» nasraie _ 
30:2 lev o77(0) 30°, 35° 
3032 Mov o7(0) 71/2, 10°, 15°, 20° 
3032 Mev (0) 70° 
2.96 low co) 50° 
20% Mev c3(0) 1g? 


While observing the angular distribution of protens, the meg- 
netic field of the syectrocraph was varied from mm to run to cause 
the ground-state proten group to be obssrved at the sam place on the 
Photogranhic plates at each angle of observations this in fact caused 
the other call? rroton groune to remain almost stationary. This nro 
cedure obviated the med for a solideangle correction caused by a 
given proton crow apnearing at different positions as the angle of 
observation was varieds 

To insure that there was no chanre in tho target which might 
have affected the intensities of the observed proton grouns during the 
successive runs at the various angles, normiising runs were periodi- 
eally mde at an angles of 60 degrees. The sum of the muber of tracks 
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correspon ing 6) the pron! wtate ani So tie 1.1:3- and 2?.25—iev levels 
was cowed fer comorrison. Sormlisging rms pere aice with an empos- 
ure ef 5O) microcauloshe. Table TIT er Lincs tie method and results 
of the normalisinvy vrusedure. The meults indiesin thet them! Bas no 
enanes in the tares+. 

It was also necessary to Lasure that a capnge in the anmei® a? 
Onservatinr G9, diz not chaner thm soli? anzvir subtended ty the defame 
ine sitts woich ara fest in frant of tne ohoterranhic wlatve. T6 
@¢ceowlish this, to target was rated Ww Sacre, Troe “5 decreern 
from the heae aria to + u dacrmeg, between mins U ant 4. AS can 
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TABIZ IIT 


Normalising Procedure 


Total counts in 
state and Leli3= and 2 otha 








Mev proton groups 

Order of Runs + standard deviation 
Sormlizing rm 1 1393 + 37 
Rums at 50, 0, 30, 20, 10 degrees 
Normalising run 2 1320 + ¥% 
Runs at 60, 55, 5, 35, 25, 15 degrees 
Normlising rum 3 1489 + 39 
Normlising run ) Wsh3 + 38 
Rums at 7-1/2, 5 degrees 
Normalizing run 5 Us72 + 38 
Normalizing run 6 137 + 38 
Runs at 70, 90, 110, 120, 100, 20 degrees 
Wormlizine rum 7 U:16 + 38 


this rotation did not change the area of the target which was illumi~ 
nated by the beam oven if the beam had been off center; however, it 
aid change the ancarent width of the beam spot as viewed from the apoc- 
trograph. Since the intensity of the peaks did not change between mma 
S and 6, thie inifeates that the ammarent width of the beam spot did 
not affect the solid angle observed try the sooctrograth. 











Lae Se 
£ cars oatnilerrct 
peemeb Of ,09 ,Ce Od 0? Ca aa 
@ + OSEt $ our gale Comrrell 
comme DF oS RM eS 08 Oe ee 
m + Ode € mre pecie llores 
Mm + Sohlt i sor satel lor 
| eeerse ¢ .S\I-T fe mee 
Me +, Syult 2 sory prubel [ewwelé 
Me + Tet 0 mer notation 
cowed OF COL OST .Off ,0e .CY em emul 


*% + atdl T mort pre) Laerzoll 


atmariCt eew dntde tuyuet wi Yo aers old epemd> tom bID aw ltaton wide 
h _Termead (meme Tie re! het conf ed? it wre weed wie we fete 
oak tlt mort Sewrniy es tect mame! ett to OED iW domrmms ett eprmic bib 
arory nometed eee fee CIP etane onit to yiPsomiet ett snd? efigerrpont 
2b fooe cued sat YW athiw drewanrs et tat! esdenthat abit ,> cae 2 
ieoreperetronre seit yl heowand) afpas bifee oft feats fon 





“l= 


Figures 3 throuch 21 show the experimntal angular distrioutions 
plotted with the calculated Butler curves. The errors shown represent 
the statistical emmting errors only, based on a standard deviation. 
The spectrograph accepted particles with angles 1/); decree either side 
of the nominal angle 9. 

The Butler curves, as plotted, are not corrected for the dif- 
ference do tveen say and $6 Me or for the difference between the solid 
angla in laboratory ané solic ancle in center-of=mss coordins tes. 

Using the formulas, 
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The correetions for thie atate are largust, sinee it has the 
lowest G-walue. Over the range of interest, 9 = 10° to 50°, where the 
maxima oecur, both corrections are amller thin the errer introduced 
by the nomocrame 

One undetermined parameter in the caliculstion of the anrular 
distribution in the Butler theory is the interaction radius, ry. 
Huky”” nas stated that Canova” fermila 


1/3 


% = (1022 A + 1.7) x 10723 cm. 


gives a radius which will normaliy supoort unigiw determinations of 
Lone This formila gives r, = 6.0 x 10 om. for cal”, me new 
sults of this experimnt iniicate that no om value for rp will lead 
to unique values of 7 ».3 therefore, the experimental data have been 
poceunted with Butler curves employing r, = 6.0 and 7.0 om Figures 3 
through 21. 

The experimental data on Firures 3 throuch 21 have been inter 
preted as follows: 

Figures 3 and illustrate the ground-state distribution. It 
is characterized by 7. * 33 To © 7.0 provides the test fit. 

The 0.1%jiev level is not ilinctrated. Tho stete was detected 
at the imniicated energy but wee ocoserved with such low imtensity that 
the aneular distribution could not be determimd. 

Figures 5 and 6 iliustrete the i.li3—lev level distribution. It 
is characterized by J, = 13 r4 © 6.0 provides the best fit. 


~~ 


oO ett 2) eats fer! owe ls Wt eh Leldoeres mT 
<r wee fo? od ME ~ © peet eter oO ter! Jcofe! veel 
Re ey eee 
ee eee 
stirs SH Ye Mle Conten ot) ct Teheee See a 
ee ee ee ee 
ee a 


et je) @* yarre “~ (af 


a™aewse A SB.5). = gt 


we eoohreterete aruter conve wiluemn Ibe daddy ather & Devin 
woe tt ge ee tee Mar eed = yo coris atest ett og D 
baal Liew gx wh axle cw on cote stsatin! Inenteerae eft Yo oe lae 
cel orml ahah Snttentenrmn Bt ome 2 Qt teeter meptew of 
€ eva st wo 0.8 Saw 02d © oo pulynlnwe oorsse walAd ite hedemnene) 
it haa Tote “18 teconit 

~endet greet ere [8 feumuis & wediigtt i ated Lodmeatrence off 
comet nt Rabo 
e" Lmirwernen® etretenmas ath Mente? hee (seme om 
Ath Peet ol eebivor OF » ot ¢f * Vw beetretemren at 
eee eee agers ot .hatewectl? won at Leveh veel. we 
408 Gmamt of den die bead on Ot Gem HES 
oe er | 
i eabrvapeteth Somes weiLisS ete wtowentih® hie 2orantt 
28% fant sate ehtetier 00 = gt uf = g\ We tentuercmmnt lat 












~16= 


Figures 7 and 8 illustrate the 1.90-“ev level distribution. It 
 * probably an @,, = 1 distribution; r, * 6.0 provides the best fit. 

Figures 9 and 10 illustrate the 2.25—Mev level distribution. 
It i9 characterised by J, = 1; r, = 6.0 provides the best fit. 

Figures 1) and 12 illustrate the 2.l0-Mev level distribution. 
It is characterised vy £ n ® 2 

Figures 13 and 1: illustrate the 2."lMev level distribution. 
It is probably an # = 2 distribution; however, the fit is somwhat 
ambiguous at both values of r,. 

Figure 1° illustretes the 2.94—\Mev level distribution. No 
determination of 7, ia possible. The asymmetry about 90 degrees 
suggests that stripping action takes place in the formation of this 
level, but it does not appear to be the cheracteristic "Butler" tyne. 

Fipures 16 and 17 illustrate the 3.2):-Mev level distribution. 
It is probably an / , = 2 distribution; the fit is ambiguous with 
To. * 600. 

Figures 1° and 19 illustrate the 5.32<Mev level distribution. 
The data do not justify the assignment of 2... There is doubt 
whether the characteristic "Butler" type stripping takes plaes in the 
formation of this level. For commrison only, 2 . = 3 curves are 
shown. 

Figures 20 ami 212 illustrate the 3.1:2=—lev level distribution. 
It is probably an 2. = 2 distribution, but the fit is poor. The 
assiqmeent of £2. might have been more definite had the level not 
been obscured at 30 ani 3 decrees. 
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Table IV tabuletes the assimmoents of spin and rerity to the 
states of caliS made as a& result of the conclusions drawn above. 

The intensity of the neaks from tho various levels at their 
maxima was comoared with the intensity of the rrowd state at 
@ = )0 degrees, in order to caleulate the relative differential cross 
sections. These relative cross sections and the angle at which they 
were commred are tabulated in Table TY. ‘n these caleulations, 
solid-angle corrections were used to correct for the different loca~ 
tions of the vroten grouzs. The solideungle corrections were taken 
from a curve prepared by 5. Ff. Zimmerman, Jr, of this laboratory. 

An attemt vas made to determim absolute cross sections by 
comerison of the observed intensities of the (4,p) reactions with the 
intensity of Rutherford scattering of “.0-Mev alphe-narticles by cal!. 
This proved not to be possible with the gold-hacked targets available, 
beeause the peak of the alnha-mrticles scattered by gold was wide 
— enough to obscure the Call poake 

The Butler curves, as calculated, represent only the angular 
distributions. A miltiplying factor was required to apply to each 
ealeulated curve in order to match the maximum to the maxim of the 
experimental data. The factor for the 2.)\(-lev level was obtained by 
mtching the Butler curve to the experimental date at 9 = 10 degrees. 
The factors are listed in Table V. The factors are normalised so as 
to be equal to mity for the hb ~ 1, r, = 6.0, Butler curve. A solic~ 


angle correction was mde. 
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TABLE V 
Butler Curve Relative 
calS level b » To ay ~ 
Ground State 3 6.0 2.59 
. 3 7.0 16h)7 
1.) 3~Mev Level 2 6.0 1.00 
" 1 720 O71 
1.89—Mev Level 1 6.0 5 3b 
" 1 7.0 4.01 
2 720 718 
2.25—Yev Level 1 620 0078 
. 1 720 0056 
2h Cmitev Level 0 6.0 0276 
" 0 720 0.70 
2.8j-Mev Level i 6.0 0.78 
n 2 6.0 1.56 
1 70 0.56 
" . 70 1.02 
3.2h~Mev level 1 6.0 0.33 
" 2 6.0 O71 
" 2 7.0 Ooh6 
3.32=Yev Level 3 6.0 0027 
3 7.0 0027 
30))2=Mev level 1 6.0 Le 3k: 
° ? 620 2053 
" 2 720 1.93 
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IV. CONCLUSIONS 


Agreement with the Butler theory seems adequate to assign 
values of 2. with assurance to the distributions for the ground 
state and first five excited Irvels, with the excention of the first 
excited state. Assignment of @,, to the distributions for the next 
five excited states is sonmvhat dubious. 

Tt is emphasised that no wmique valw of r, results in posi- 
tive determinstions of /.. It is further noted that those states 
assigned (7 = 1 were dest fitted by r, = 6.0, whereas the ground 
state, assigned £, = 3, and the 2.3)-~ and 3.2h-Mev levels, with 
probable values of £. = 2, are best fit by a higher ro. 

It is concluded that the Butler theory is not comlete enough 
in all cases to mise unambiguous assignsents of 2. It apvears that 
a more elaborate treatmont is necessary. | 


Toboeman”° 


has develored ar extension of the Butler theory by 
considering the effect of Coulom arn! nuclear interactions. The 
Coulom effect would seem to be smill, since the bombarding energy of 
607 Mev in center-of—mss coordinstes ras above the Conlorh barrier 
of 5.6 Mev. However, only a slicht shift of the maxima of the theo- 
retical curves is recuired for rood arreement with exnerimnt. 
According to Tobcemen, the Coulosh interaction tends to move 
the mxima to larrer angles and broaden the veaks and to fill the 
valleys between the primry and secondary maxim. However, the 


nuclear interaction tends to disnlace the peaks toward smaller angles 
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and to make them less broad. A mehine calculation is required to 
find the predicted position of the primary mxim according to the 
theory of Tobooman’-. 

The data of this exveriment mis available for stuty the 
angular distributions of the ground state and six excited levels 
which appear to have almost vure striminge-tyze distributions. It 
4s believed that the a’ditional work mcessary to mike a mehine 
calculation rould be warranted in order to determine to what degree 


Toboeman's theory agrees with exnoriment. 
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Figure 3 
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Figure 5 
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Figure 6 
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Figure 7 
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